Abstract. The transient acceleration process of electrons in ZnS-type thin film electroluminescent devices is studied in detail for the first time through the Monte Carlo method. The transient time and drift length before the balance of acceleration and scattering are of the order of 200 fs and 30 nm respectively. The steady average kinetic energy of electrons increases with electric field. Field emission processes of electrons trapped at interface states only affect the transient process of electron transport and have no influence on the steady state. New explanations of the 'dead layer' phenomenon and the overshoot in the average drift velocity are proposed based on our calculation results.
Introduction
The technology of thin-film electroluminescent displays (TFELDs) has advanced rapidly since the 1980s. Yellow-emitting ZnS:Mn TFELDs are now commercially available in a variety of sizes and resolutions [1] . But the development of full colour displays has been postponed for several years due to the poor luminescence and efficiency of blue emission. The overcoming of this problem needs more detailed investigations on materials, devices and electroluminescence mechanisms.
In TFELD structures, a thin phosphor layer such as ZnS, which is sandwiched between two insulating layers, is subject to a large electric field (typically 1-3 MV cm −1 ) when an ac voltage is applied. Due to the field emission into the conduction band from trapped interface states at these field strengths, electrons are accelerated to high enough energies to impact and excite luminescent centres, giving off visible light useful for display applications [2] . Since the light emission process depends sensitively on the fraction of carriers above the threshold energy for impact excitation (2-2.6 eV), the electron transport process in the phosphor layer is one of the key processes in electroluminescence. This transport process is composed of two sequential stages. As the electrons are emitted into the conduction band, their energies are lower. Then these electrons are accelerated by the electric field. This is the transient acceleration stage. Since several scattering mechanisms exist in materials and their rates increase with electron energy, this acceleration is influenced by scattering mechanisms more and more seriously as the average electron energy increased. Finally, a steady transport stage is reached in which the average energy is fixed at a stable value due to the balance between the field acceleration and the scattering of electrons.
Although many studies have been done on the electron transport process, most of them are concerned with the steady transport process. Detailed reports on the transient acceleration process are not available to the authors' knowledge. In fact, this process is important since it determines the luminescent properties during the early stage of the applied voltage pulse and influences the steady transport process. In this article, the transient acceleration process of electrons in ZnS-type TFELD is investigated in detail by means of the Monte Carlo method.
Monte Carlo method
The Monte Carlo method is a simulation of the motion of individual carriers as they move under the influence of external fields and are scattered by various mechanisms [3] . This motion is composed by a series of 'free flight' processes terminated by the scattering events. During the 'free flight' process, the influence of scattering mechanisms is not considered and the motion could be described as
whereh is the reduced Planck constant, e is the electronic charge, E is the electric field strength and k is the wave vector. The free flight time is chosen stochastically according to the total scattering rate,
where is the total scattering rate (the sum of rates of all scattering mechanisms considered) and r 1 is a random number generated by the program and is uniformly distributed between 0 and 1. At the end of this free flight (t = t r ), another random number uniformly distributed between 0 and 1, r 2 , is generated by the program to choose a certain kind of scattering from all of the scattering mechanisms. If there are n kinds of scattering mechanism and the rate of the ith is W i , then the probability of occurrence of the mth scattering is
the mth scattering mechanism is chosen.
Once a scattering mechanism has been chosen, the momentum and the energy of the electron are updated as determined by the specific mechanism that has been selected. Then the next 'free flight' process begins until it is again terminated by the next scattering event. This cycle is repeated many times. The motion of an electron in phosphor layer is thus simulated.
We have studied several important scattering mechanisms in ZnS, including acoustic phonon scattering, polar optical phonon scattering, ionized impurity scattering and intervalley scattering. The nonparabolic multivalley band model is adopted instead of the full band model for saving computation time. Although the difference between these two models is evident in the high energy region, i.e. above 2.0 eV, and this factor will affect the accuracy of the calculation results, they are coincident when the energy is lower. This is just the case for the transient acceleration process and this makes our calculation valid. We gained the rates of each kind of scattering at different energies and the relations between the final and initial states of scattering. The calculation methods and the parameters used are the same as in [4] . Based on these calculations, the electron transport process is simulated using the Monte Carlo method described above. The number of simulated electrons is 200 000, which has been proved to be enough to assure the accuracy and repeatability of the results.
Results and discussion

Electron kinetic energy distribution
The electron kinetic energy distribution function (EKEDF) is one of the basic functions for the study of electroluminescent process, such as impact excitation, band-to-band ionization etc. The transient variation process of EKEDF is shown in figure 1 . The shift of electrons from the low to high energy region is the result of acceleration. According to our calculations, the transient time of EKEDF is about 200 fs. After that, the function remains unchanged, which indicates that the steady stage is reached. We have studied this process under different electric fields (0. 
Average kinetic energy of electrons
Average kinetic energy (AKE) reflects the main characters of the EKEDF. By using the AKE, the variation of electronic states with other factors could be studied quantitatively. the transient process. This is due to the low field strength since under these fields the steady values of AKE are lower than 0.5 eV. It is worth noting that a peak appears around 5-10 fs in each curve when the electric field is above 1.5 MV cm −1 . The formation of these peaks will be discussed below.
The initial energy distribution is determined by the field emission process of electrons from trapped interface states to conduction band. This process has been investigated in detail, for example, by Bringuier [5] . But the quantitative description of this process is still very difficult because of the lack of material parameters. In order to investigate the influence of the field emission process on the electron transport process, we calculated the variation of AKE with time for different initial AKE values (0-1.6 eV). The results are shown in figure 3 . According to this figure, the transient time and steady AKE do not vary with initial AKE. That is, the steady AKE is determined by the field strength and scattering mechanisms of the material. The field emission process has no influence on the steady AKE.
The average drift velocity of electrons
The motion of electrons in the phosphor layer is anisotropic when a voltage is applied and the privileged direction is the positive field direction. The average drift velocity (ADV), which is the algebraic average of velocity component in this direction of all electrons to be considered, describes the characters of the drift motions of electron under the electric field. This is also a basic quantity for the study of the electroluminescent process, especially when the spatial effects are considered. The transient processes of ADV under different electric fields are studied and the results are shown in figure 4. Although ADVs go through different transient processes under different electric fields, the transient times are almost the same, 200 fs.
As discussed above, the transient times of EKEDF, AKE and ADV are all about 200 fs in different fields and different initial conditions. It will be seen in the next section that the transient time of intervalley transfer is also 200 fs. That is, the transient acceleration time is roughly equal to the intervalley transfer time. It must be mentioned that, for lack of the experimental data, some parameters for intervalley scattering used in this calculation are taken from GaAs and InP, as done in [4] and [8] . This may introduce some uncertainty into the calculation result. So we can only say that the transient time of the electron transport process in a ZnS-type TFELD is of the order of 200 fs. According to the calculation results of ADV, the flight distance of electrons in this period is of the order of 30 nm. For a common TFELD, this is about one-tenth of the total phosphor layer thickness.
This result could be used to provide a possible explanation of the 'dead layer' phenomenon in TFELDs. In TFELDs, the part of the phosphor layer near the interface cannot emit light. This part is called the 'dead layer'. The thickness of this layer is 30 nm approximately [6] . This phenomenon has been ascribed to the poor crystalline of this part of phosphor layer [7] . According to our results, the transient length of electron transport is of the order of 30 nm, coinciding with the thickness of the 'dead layer'. We propose that electrons are accelerated and do not reach the steady AKE in this region so that they cannot impact excite luminescent centres effectively. That is, even if this part of the phosphor layer is crystalline, luminescence also cannot be observed in the 'dead layer'. This phenomenon is an intrinsic property of TFELDs. We just provide a possible explanation for this phenomenon because of the limitation of the band model and material parameters and more experimental investigations are needed.
Just as in the case of AKE, a peak also appears around 5-10 fs in each curve of ADV. The appearance of this peak has been found by Brennan [8] and Fogarty et al [9] . Brennan made no explanation of it and Fogarty ascribed this to the anisotropy of polar optical phonon scattering [9] . To verify this explanation, we get rid of the polar optical scattering mechanism and carry out the same simulation. The peak also appears. Then we can say that Fogarty's explanation is not reasonable. In fact, since the peaks also appear in the curves of AKE, it cannot be the result of some anisotropy. In order to find out the real reason for this phenomenon, we studied the intervalley transfer process in TFELDs. 
Intervalley transfer process
There are three valleys in the conduction band of ZnS, , L and X valleys. In the field emission process, most of the electrons are emitted into the valley (the lowest valley). Then the energy of electrons increases due to the acceleration effect of the electric field. Electrons begin to transfer to higher valleys (L and X valleys). Finally, the intervalley distribution of electron reaches a steady state in which electron transfer between these valleys keep a dynamic balance. Figure 5 shows the intervalley transfer processes under different electric fields. The transient times are all about 200 fs. The steady distribution shifts to higher valleys as the field increases. In the case of 1.0 MV cm −1 , the electron energies are too low. The intervalley transfer could not occur. In other cases, intervalley transfer is obviously. The beginning times of intervalley transfer are 10, 7 and 5 fs in the case of 2.0, 3.0 and 4.0 MV cm −1 field respectively. Comparing figure 2 with figure 4 , we find that the appearance of the peak and the beginning time of intervalley transfer are all earlier under the higher field. Furthermore, under a given field, these two times are almost equal. Based on these results, we proposed that the appearances of peaks in AKE and ADV curves are the results of electron intervalley transfer. In the early stage, most of the electrons are in the valley. AKE and ADV increase with time. When the electrons become energetic enough to transfer to a higher valley, a part of the kinetic energies is converted to potential energies since the bottom of the valley is lower than that of the others. So the AKE and ADV are lower and the peaks appear. To verify this explanation, we studied the transient process of total average energy (including kinetic and potential). In the curves of the total average energy, no peak appears. This confirms our explanation.
Conclusion
The transient acceleration process of electrons transport in ZnS-type TFELDs is studied by means of the Monte Carlo method. The transport curves of EKEDF, AKE, ADV and intervalley distributions in different conditions are gained. The transient time and length are of the order of 200 fs and 30 nm respectively. The steady AKE increases with field. The field emission process of electron only affects the transient process of electron transport and has no influence on the steady state. A new possible explanation is proposed for the 'dead layer' phenomenon based on the transient property of electron transport. The peaks appearing in AKE and ADV curves are also explained successfully based on the intervalley transfer process. To the authors' knowledge, this is the first detailed investigation of the electron transient acceleration process in TFELDs and the results could be used in the further study of the electroluminescent mechanism.
